Objective: To evaluate aortic function and its relation to left ventricular diastolic function in patients with hypertension, diabetes, or both, without coronary artery disease. Methods: Study groups were composed of 27 healthy participants and 25 patients with hypertension, 24 with diabetes, and 18 with hypertension and diabetes. Coronary artery disease was excluded in all of the study participants. Aortic strain and distensibility were calculated from the aortic diameters measured by echocardiography and blood pressure obtained by sphygmomanometry.
Objective: To evaluate aortic function and its relation to left ventricular diastolic function in patients with hypertension, diabetes, or both, without coronary artery disease. Methods: Study groups were composed of 27 healthy participants and 25 patients with hypertension, 24 with diabetes, and 18 with hypertension and diabetes. Coronary artery disease was excluded in all of the study participants. Aortic strain and distensibility were calculated from the aortic diameters measured by echocardiography and blood pressure obtained by sphygmomanometry.
Results: There were significant differences between the control and the patient groups (hypertensive, diabetic, and diabetic2hypertensive) in aortic strain (mean (SD) 18 (8)% v 11 (7)%, 9 (3)%, and 8 (3)%, respectively, p , 0.001) and distensibility (10 (5.1) v 3.1 (1.5), 5.1 (2.8), and 2 (0.9) cm 2 /dyn/10 3 , respectively, p , 0.001). In a multivariate analysis, the parameter most closely related to the deceleration time in the control group was aortic distensibility (standardised b coefficient -0.50, p = 0.002, overall R 2 = 0.25). In the patient group, the parameter most closely related to deceleration time was also aortic distensibility (standardised b coefficient -0.36, p = 0.009, overall R 2 = 0.13). Even though the study group variable was entered in to the multivariate model, aortic distensibility was found to be the parameter most closely related to deceleration time (standardised b coefficient -0.48, p , 0.001, overall R 2 = 0.22). Conclusion: Aortic stiffness is increased in patients with hypertension, diabetes, or both even after the exclusion of coronary artery disease. Aortic stiffness and left ventricular diastolic dysfunction are also associated in these patients.
M
any studies have examined the effect of cardiovascular risk factors on the vessels. It is also recognised that these factors cause structural alteration, which leads to stiffness in large arteries. In particular, arterial stiffness in large arteries has been reported to be the best predictor of cardiovascular morbidity and mortality. 1 Pulse wave velocity, measured either invasively or noninvasively, has been used in previous studies that have investigated arterial stiffness. 2 3 Even if the pulse wave can be recorded by the Doppler technique, measuring the distance that the pulse wave travels is a serious problem. The superficial measurement method suggested for measuring this distance has some disadvantages, such as having to correct for age and the effects of fat, breast size, and thoracic or spinal abnormalities. [4] [5] [6] In addition, this method does not give the true distance. To obtain the true distance, invasive and angiographic methods must be used. Thus, the use of pulse wave velocity is difficult in practice. In this respect, it has been suggested that aortic strain and distensibility should be calculated from the aortic diameters measured by echocardiography and blood pressure obtained by sphygmomanometry. 7 Left ventricular mass increases in normotensive patients with diabetes and diastolic dysfunction occurs. 8 9 In addition, it is well known that diabetes increases aortic stiffness. 10 Similar results have been reported in hypertensive patients. [11] [12] [13] [14] From this point of view, it seems that there is a possible relation between aortic stiffness and left ventricular diastolic dysfunction. Also, it has been reported that aortic stiffness influences left ventricular structure and function, independent of arterial blood pressure. 15 These studies evaluated systolic function but did not assess the relation between aortic stiffness and diastolic function.
It has been shown that aortic stiffness increases in patients with coronary artery disease. 16 17 Thus, studies of aortic stiffness [10] [11] [12] [13] [14] in patients with diabetes mellitus or hypertension have been limited by not excluding patients with coronary artery disease or excluding them only if they have had a history of coronary artery disease. In this regard, the present study aimed at determining, by using current methods to exclude coronary artery disease, how aortic stiffness is affected in patients with hypertension, diabetes, or both, and to evaluate the relation between aortic stiffness and left ventricular diastolic function.
METHODS

Study patients
Exclusion criteria were severe hypertension (stage 3); renal failure; more than a trace of associated valve regurgitation; associated aortic stenosis with a mean gradient > 25 mm Hg or moderate to severe mitral stenosis (mitral valve area , 1.5 cm 2 ); ejection fraction , 55%; known coronary artery disease or a laboratory test suggesting coronary artery disease, such as a positive exercise ECG, abnormal myocardial perfusion scintigraphy, or abnormal coronary arteries on angiography; familial hypercholesterolaemia; previous stroke; chronic obstructive pulmonary disease; receiving oral contraception or hormone replacement therapy; intermittent claudication; arrhythmias; and aortic disease (aneurysm, Marfan's syndrome, coarctation and aortic surgery, etc). In addition, seven patients whose aorta were poorly visualised on echocardiography were excluded.
Except for 11 patients, all of the study population comprised patients who were referred to coronary angiography for angina. Arteriography was indicated and performed by cardiologists who were not involved in this study. Eleven patients were chosen from among patients who applied to our general cardiology polyclinic. On this basis, 24 patients with diabetes, 25 with hypertension, and 18 with both were enrolled in this study. In addition, the control group comprised 27 healthy patients who had had normal coronary arteriography and had presented with no other cardiac diseases (on the basis of physical, ECG, and echocardiographic examinations). Diabetes mellitus was diagnosed according to the recommendations of the American Diabetes Association. 18 All patients with diabetes had well controlled type 2 diabetes. Their blood glucose concentrations were controlled with diet, oral antidiabetic agents, or both. None of them were receiving insulin treatment. Hypertension was diagnosed according to the common criteria of the World Health Organization and the International Hypertension Association. 19 
Study protocol
Patients were informed about the study protocol and written consent was obtained from each patient. The recommendations given in the Declaration of Helsinki for guiding physicians in biomedical research involving human subjects were followed. Hypertensive patients discontinued antihypertensive treatment four weeks before undergoing an echocardiographic examination. The treatment of diabetic patients was unchanged.
Transthoracic echocardiography was performed by one of the authors, who was not informed of the patients' clinical data, using a Hewlett-Packard Sonos 1500 instrument (Hewlett-Packard, Andover, Massachusetts, USA) with a 2.5 MHz phased array transducer. The right brachial artery systolic and diastolic pressures were taken as the average of three consecutive measurements immediately after the echocardiographic study with conventional sphygmomanometry. Korotkoff phases I and V were used to determine the systolic and diastolic pressures, respectively.
In 83 study participants who had normal coronary arteriograms, postangiographic treadmill exercise testing or myocardial perfusion scintigraphy was performed to exclude microvascular coronary artery disease. Eleven patients who declined coronary arteriography because of angina underwent myocardial perfusion scintigraphy (seven patients) or treadmill exercise testing (four patients) to exclude coronary artery disease.
Echocardiographic measurements
Recordings were taken with patients in the left lateral decubitus position. M mode traces were recorded at a speed of 50 mm/s and the Doppler signals at 100 mm/s. Three consecutive cycles were averaged for every parameter. Left ventricular diameters, left atrial systolic diameter, and left ventricular mass index were also determined from M mode traces recorded from the parasternal long axis view according to established standards. 20 Ascending aorta diameters were measured from the same view on the M mode tracing at a level 3 cm above the aortic valve (fig 1) . 21 The systolic diameter was measured at the maximum anterior motion of the aorta and the diastolic diameter was measured at the peak of the QRS complex on the simultaneously recorded ECG.
The peak early transmitral filling velocity during early diastole (E), peak transmitral atrial filling velocity during late diastole (A), deceleration time (time elapsed between peak E velocity and the point where the extrapolated deceleration slope of the E velocity crosses the zero baseline), and isovolumetric relaxation time (time period between the end of mitral diastolic flow Doppler tracing and the beginning of aortic flow Doppler tracing) were used as left ventricular diastolic function parameters. The transmitral diastolic flow Doppler tracing was imaged in the apical four chamber view by using pulsed Doppler echocardiography with the sample volume sited at the tip of the mitral leaflets. The isovolumetric relaxation time was measured on Doppler tracings obtained in the apical five chamber view with the sample volume placed at the left ventricular outflow tract. The diastolic filling patterns of the study population were classified as normal, abnormal relaxation, pseudonormal, or restrictive pattern. 22 In 19 (21%) patients with a pseudonormalised pattern of diastolic function, diastolic function parameters were obtained during phase II of the Valsalva manoeuvre. 23 Calculation of aortic elasticity parameters Aortic strain 7 and distensibility 7 24 were used as aortic elasticity parameters. The formulas used to calculate the above mentioned parameters were as follows:
Aortic strain (%) = (aortic systolic diameter 2 diastolic diameter) 6 100 / diastolic diameter Distensibility (cm 2 /dyn) = (2 6 aortic strain) / (systolic pressure 2 diastolic pressure)
Statistical analysis
Data are expressed as mean (SD). All numeric variables were normally distributed and the variance between the study groups was similar. Thus, the study groups were compared for various numeric parameters by one way analysis of variance and by post hoc Tukey's test for multiple comparisons. Proportions were compared by a 4 6 2 cross table and the x 2 test. Differences in aortic elasticity parameters between groups were assessed with two way analysis of variance using the appropriate covariate (plasma cholesterol concentration). A multiple stepwise (forwards and backwards) linear regression analysis was performed for multivariate analysis. The multivariate model consisted of left ventricular diastolic function parameters as dependent variables and of independent variables that had a significant correlation with left ventricular diastolic function parameters in the simple linear regression analysis. Aortic distensibility was the only parameter of aortic stiffness that was entered in the multivariate model. A probability value of p , 0.05 was considered significant and two tailed p values were used for all statistics. The SPSS 7.5 program for Windows (SPSS Inc, Chicago, Illinois, USA) was used for all statistical calculations. Table 1 lists patients' characteristics. The mean (SD) age did not differ significantly between the study groups (50 (10) years in the control group, 55 (8) years in the hypertensive group, 51 (10) years in the diabetic group, and 54 (11) years in the diabetic2hypertensive group; all p . 0.05). Plasma cholesterol concentrations were higher in the hypertensive and diabetic2hypertensive groups than in the control group (6.05 (1.38) mmol/l and 5.92 (1.78) mmol/l v 4.8 (0.69) mmol/l, respectively). There were no differences in sex or smoking status between the study groups.
RESULTS
Patient characteristics
Aortic function parameters
The highest pulse pressure was obtained in the hypertensive and the diabetic2hypertensive groups. The pulsatile change in the aortic diameter was less in the patient groups than in the control group. Aortic strain and aortic distensibility differed between the patient groups and the control group (table 2). The diabetic2hypertensive group had the most disturbance in aortic elasticity compared with other patient groups (fig 2) . There were significant differences in the aortic elasticity parameters between the patient groups and the control group, even after adjustment for plasma cholesterol concentrations (p , 0.001).
Left ventricular diastolic function
In the patient groups, E/A was lower and the isovolumetric relaxation time and the deceleration time were longer than in the control group (table 1) . There was no difference between the patient groups in these parameters. The diastolic filling pattern was normal in 39 (41%) patients and pseudonormal in 16 (18%). Relaxation was abnormal in 39 (41%). Figure 3 presents the distribution of diastolic filling patterns in the study groups. The pseudonormal filling pattern was most frequently seen in the diabetic2hypertensive group (hypertensive group 20%, diabetic group 17%, and diabetic2hyper-tensive group 39%). Although aortic strain (9 (3)%) and distensibility (3.2 (1.6) cm 2 /dyn/10 3 ) in patients with the abnormal relaxation pattern were greater than in those with the pseudonormal pattern (7 (4)% and 2.6 (2) cm 2 /dyn/10 3 , respectively), these differences were not significant. There were significant differences in aortic strain (17 (8)%) and distensibility (8.7 (4.8) cm 2 /dyn/10 3 ) between patients with the normal pattern and patients with the other two patterns (p , 0.001, one way analysis of variance comparisons) (fig 4) . Table 3 In the control group, aortic distensibility was found by multiple stepwise linear regression analysis to be the parameter most closely related to left ventricular diastolic function (table 4). Aortic distensibility was found to be the parameter most closely related to both the E/A ratio ( = 0.9 + 0.02 (distensibility), overall R 2 = 0.27) and deceleration time ( = 233 -3.4 (distensibility), overall R 2 = 0.25). The parameters most closely related to isovolumetric relaxation time were the left ventricular mass index and aortic distensibility ( = 70 + 0.3 (left ventricular mass index) -1.3 (distensibility), overall R 2 = 0.29). In the patient group, the parameter most closely related to the E/A ratio was aortic distensibility ( = 0.7 + 0.03 (distensibility), overall R 2 = 0.14). Aortic distensibility was the parameter found to be most closely related to deceleration time ( = 269 -6.6 (distensibility), overall R 2 = 0.13). The parameters most closely related to isovolumetric relaxation time were aortic distensibility and age ( = 106 -3.7 (distensibility) + 0.5 (age), overall R 2 = 0.32] (table 4) .
Relations between left ventricular diastolic function and various parameters
Even though the study group variable (0, control; 1, hypertensive; 2, diabetic; 3, diabetic2hypertensive) was entered in to the multivariate model, aortic distensibility was found to be the parameter most closely related to the E/A ratio ( = 0.9 + 0.03 (distensibility) -0.05 (study group variable), overall R 2 = 0.43), deceleration time ( = 253 -5 (distensibility), overall R 2 = 0.22), and isovolumetric relaxation time ( = 87 -2.4 (distensibility) + 5.4 (study group variable) + 0.5 (age), overall R 2 = 0.53) (table 4).
Reproducibility
Interobserver reproducibility was assessed on videotape recordings from 15 randomly selected patients. The BlandAltman analysis was used for agreement. The agreement 
DISCUSSION
The present study shows that hypertension and diabetes mellitus increase aortic stiffness even in the absence of coronary artery disease and that there is an association between left ventricular diastolic function and aortic stiffness.
Influence of diabetes mellitus and hypertension on aortic stiffness
Previous studies have shown that hypertension and diabetes mellitus decrease aortic strain and distensibility. 10 25-28 The two stiffness parameters mentioned were calculated from the pulsatile change of the ascending aortic diameter. Ascending aorta elasticity is impaired in patients with coronary artery disease, 16 17 perhaps because this part of the aorta is supplied by the coronary arteries. 29 The failure of previous studies to take this into consideration may be a limitation affecting their results. In contrast to previous studies, in the present study coronary artery disease was excluded by appropriate methods. Even under these circumstances, our study showed that hypertension and diabetes mellitus lead to an increase in aortic stiffness.
Although the mechanism by which hypertension and diabetes mellitus lead to an increase in aortic stiffness is unclear, the following is one possible explanation. In hypertension, stress is caused by high pressure on the arterial walls, with resulting structural changes and atherosclerosis. 27 In diabetes mellitus, accumulation of some glycosides in the arterial wall may cause the stiffness. 28 Whatever the mechanism is, aortic stiffness is associated with high mortality in both hypertensive patients and in patients with diabetes. 1 27 The present study, in addition to previous ones, shows that aortic stiffness increases more when accompanied by diabetes mellitus in hypertensive patients. Thus, in patients with both diseases the increase in mortality may be linked to the increase in aortic stiffness. 30 This theory should be confirmed by future studies.
Relation between aortic stiffness and left ventricular diastolic function A notable and hitherto unreported finding of the present study is that there is a relation between left ventricular diastolic function and aortic stiffness in patients with diabetes, hypertension, or both. Previous studies have reported that left ventricular mass and function are linked to aortic stiffness. 13 31 However, some studies obtained the opposite results. 15 32 33 Although these studies assessed left ventricular systolic function, none evaluated diastolic function. Recently, Ikonomidis and colleagues 34 reported a significant univariate relation between aortic distensibility, mitral inflow propagation velocity, and mitral E/A (r = 0.51 and r = 0.35, respectively, p , 0.01) in 110 patients with newly diagnosed hypertension. This report was in agreement with our findings.
Although the findings of the present study show the close association between aortic stiffness and left ventricular diastolic function, a causal relation is not certain. There are two possible explanations for this relation: Firstly, parallel changes may occur in the cardiac and aortic walls due to hypertension or diabetes. In other words, left ventricular diastolic dysfunction and aortic stiffness may be epiphenomena of the myocardial and aortic injuries well characterised in diabetes and hypertension. Although in patients with diabetes glycosides accumulate in the myocardium, 35 it is not known whether the same changes occur in the cardiac and aortic walls in the early stage of this disease. The epiphenomena of myocardial and arterial damage in diabetes and hypertension may not explain the association between left ventricular diastolic function and aortic stiffness in the control group. However, high blood pressure or high glucose within the normal range may cause this relation, which is consistent with the idea of an epiphenomenon. Unfortunately, 24 hour blood pressure and haemoglobin A1c were not measured in the control group to optimise the possibility of detecting a relation supporting the hypothesis above. The second possible explanation is that increased aortic stiffness may also increase afterload, inducing myocardial structural changes of the left ventricle and, through that, left ventricular diastolic dysfunction. The most important factor in developing cardiac hypertrophy is increased end systolic wall stress. 36 End systolic wall stress is influenced not only by the geometric properties of the ventricle but also by aortic stiffness. 13 31 To overcome this end systolic stress, structural changes that lead to an increase in systolic and diastolic myocardial stiffness occur in the myocardium. 37 Thus, this increased myocardial stiffness causes gradual impairment beginning with diastolic dysfunction and progressing to systolic dysfunction. In the present study, there was a significant relation between aortic distensibility and left ventricular mass index in both the control group (r = 20.41, p = 0.022) and the patient group (r = 20.38, p = 0.009). In the control group, the correlation between aortic stiffness and diastolic function was not independent of the correlation between the left ventricular mass index and diastolic function in multivariate analysis. However, in the patient group, the correlation between aortic stiffness and diastolic function was independent of the left ventricular mass index. This may be explained by the occurrence of structural changes causing myocardial stiffness before the development of left ventricular hypertrophy. 38 In previous studies, there was an increase in cardiac dysfunction with associated hypertension in patients with diabetes. 39 As our study shows, there is also an increase in aortic dysfunction in these patients. When all study groups were entered in to the multivariate model, aortic stiffness was found to be the parameter most closely related to diastolic function. However, we cannot conclude from our findings that diastolic dysfunction may result from aortic stiffness. To show such a causal relation, the gradual impairment of aortic elasticity and the relation of this gradual impairment to diastolic function, from normal to abnormal, needs to be assessed.
Study limitation
Coronary arteriography was not performed in 11 patients. In these patients, subclinical coronary artery disease cannot be excluded. On the other hand, it has been reported that coronary flow is not influenced by insignificant coronary artery stenosis. 40 Therefore, this may not be a limitation of our study.
Conclusion
There is an increase in aortic stiffness in patients with diabetes and hypertension even after coronary artery disease is excluded. The most interesting finding obtained from the present study is that there is a close association between left ventricular diastolic function and aortic stiffness, but further studies are needed to confirm a causal relation. 
